INTRODUCTION
A small but significant proportion of the dry drillers at the mines in India (1), Chile (2) , and in other
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Received for publication 2 March 1970 and in revised form 7 July 1970. countries present with an extrapyramidal cerebral disorder reminiscent of parkinsonism (3) . While detailed neuropathological accounts are not available, some of the autopsy reports suggest damage to the globus pallidus (3, 4) . Furthermore, although it has been difficult to induce experimental manganism, Van Bogaert and Dallemagne (5) reported cerebellar damage in a monkey subjected to inhalation of MnO2, and Pentschew, Ebner, and Kovatch (6) produced neuronal degeneration and glial cell reaction in another after intraperitoneal injection. In our earlier observation over 3 yr,1 only 1 of 15 monkeys repeatedly injected over several months with intraperitoneal MnO2 or MnCls developed a basal ganglionic disorder. This took the form of an intense and increasing restlessness which finally led to incessant jerky choreic movements of limbs rendering him unable to eat or sleep and leading to death in 3 wk. No clear-cut histological lesion could be detected in the brain, although there was some pyknosis of neurons of the globus pallidus and the putamen, with some sponginess of the latter. However, this feature was also noticed in another animal who did not manifest any clinical disorder. Moreover, there was no correlation between the level of manganese (chemically detected) in the basal ganglia or in the brain and the production of the neurological disorder. Thus, consistent with the earlier suggestion of Cotzias (7), our own observations led us to suspect an essentially chemical lesion in human and experimental manganism, possibly at the level of intracellular micelles.
In the report of the first part of this, study, it was indicated that there is a paucity of information on the pattern of distribution of radioactive or stable manganese in the various organs and tissues, especially 'Dastur, D. K., and D. K. Manghani. Unpublished data.
The journal of Clinical Investigation Volume 50 1971 long after its administration, and a lack of understanding on the pathogenesis of selective vulnerability of the brain in chronic manganism in man. Therefore, the fate and distribution of maleate-5Mn were studied in the rat over a period of time extending from 15 min to 34 days (8) . A lack of discharge of the metal from the CNS resulting in its relatively greater retention in this tissue through the 5 wk, was observed. In the second part of this investigation on 12 additional rats, the effect of a small dose (less than 2 mg) of stable manganese administered 3 days after the 'Mn was studied up to the 64th day. It was observed that this load failed to produce any increase in discharge of the isotopic manganese from the brain and that the relative retention here at the 64th day was even greater than at the 34th (9). S~~~~.7 4 .
The present investigation was therefore undertaken on the monkey (a) to confirm the observations in the rat on a larger mammal, and (b) to study the distribution of "Mn in different parts of the brain, keeping in mind the basal ganglionic disturbance which is such a prominent feature of the human disorder in manganese miners (10) . / _-Blood DAYS, POSTTAGGING FIGURE 1 (A and B) Specific activity of radiomanganese plotted on 3 cycle log paper, from the 1st to the 30th day in (A) and from the 7th to the 278th day in (B), for the more cellular organs and the blood. Note the very low level in the latter throughout the greater part of the experiment. glandular structures (Fig. 1) . After an initial rise in the first 2 days, the organs of this group showed a fall in radioactivity by the 4th day. On the 7th and the 70th day the organs showed a second and a third peak, respectively, which must be due to absorption from the blood. From the 70th day there was a persistent and more prolonged discharge of the "Mn by all organs. The second group consisting of the heart, lungs, and the three constituents of the carcass, namely the bone, muscle, and skin with hair, showed a lower peak concentration (Fig. 2) . The pattern of uptake and discharge in these organs was similar to the pattern of the organs of the first group with the exception of the muscle which showed a very slow discharge from the 100th day onward.
METHODS
The third group comprising the tissues of the central nervous system (CNS), viz., grey matter, basal ganglia, white matter, cerebellum, brainstem, and the spinal cord, showed ( Fig. 3) , unlike the rest of the organs, a rising or a steady trend of radioactivity from the 7th to the 278th day. The only point of similarity between these and the organs of other groups was the first peak uptake by the 2nd day, the sharp fall by the 4th day, and the second peak by the 7th day (Fig. 3 A) . From then on all the components of brain showed a rising or a steady trend of radioactivity. While there were no striking differences in the levels of radiomanganese in the various components of the brain (Fig. 3 B) , the cerebellum and basal ganglia showed the highest value at all times. In the later stages of the experiment the different constituents of the basal ganglia, namely the lentiform nucleus, the caudate nucleus, and the thalamus, were dissected. It was seen that among these three the lentiform nucleus recorded the greatest radioactivity, and the thalamus and the caudate nucleus came next, in that order (Fig.  3 B) . The peripheral nerve tissue stood apart at a markedly lower level of radioactivity than any of the parts of the CNS (Fig. 3 B) . Blood Figs. 1 A and B show the pattern and the actual levels of radioactivity in the blood. Like the observations in the rat the activity is seen clearly to be at a lower concentration than in any other organ. Blood could not be collected in the first 6 hr animal. From the 2nd to the 4th day there was a sharp fall of radioactivity in the blood. x The level rose sharply from the 7th day to a second peak on the 15th day, fell till the 50th day ( Fig. 1 B) , showed a third peak of uptake on the 70th day, and then a rapid fall till the 100th day. It appears important to note that the fall till the 2nd day and the peak activity on the 15th day represent an inverse situation to that obtained in the other organs. From the 100th to the 278th day a very low but perceptible level of radioactivity was maintained by the blood.
Exponential analysis Whole body. The activity in the whole body (Fig. 4 ) showed clearly two phases of discharge, an earlier faster and a later slower phase, until the end. Hence, the wholebody distribution of 'Mn could be resolved into two exponential components (Fig. 4) . The half-time of discharge through the fast component was about 6 days and the half-time for the slow component was 95 days.
Organs. An exponential analysis was again carried out on selected organs which manifested different peaks of activity and rates of discharge. Thus, for the period from the 15th day on, the liver showed exponential components of ti of 13 and 64 days, corresponding, respectively, to the fast and slow discharges. The gastrointestinal tract and most of the viscera showed a twophase exponential pattern of discharge similar to that for the liver. The thyroid and muscle showed slower growth and decay phases for the same period, with a single discharge pattern and a longer ti (Fig. 5) . The cerebrum showed a similar growth and decay pattern with an even slower discharge the ti of which could not be computed (Fig. 5) .
Retained radioactivity in the whole body Considering as 100% the amount of radioactivity initially injected, the amount retained in the whole body fell rapidly to 16% by the 23rd day (Fig. 6) , the discharge being mainly through the faster component with ti of 6 days (Fig. 4) . Then it fell gradually to 14% by the 30th day and to 5% by the 130th day, but 3% was still present on the 278th day.
Measurement of radioactivity of the stools was not a very reliable procedure, but on the whole a little under half of the injected radioactivity was excreted by the end of the 1st wk. This was consistent with the counts in the whole body.
Relative retention of radioactivity in organs
Figs. 7-9 show the relative retention of radioactivity in various organs. As in the case of specific activity the relative retention could again be considered by dividing the organs into three groups. The highest activity was retained in the initial stages of the experiment by the cellular and glandular organs mentioned earlier, even while the whole body showed a sharp fall (compare Figs. 6 and 7).
All the tissues of the central nervous system again, unlike the rest of the organs, showed increasing relative retention throughout the period of the experiment (Fig. 9) . The cerebellum, the thalamus, and the lentiform nucleus exhibited maximum relative retention at all times.
While the three constituents of the carcass (bone, muscle, and skin) showed among the lowest values of relative retention (Fig. 8) , their realtive retention did not fall with the passage of time and, in fact, rose in the case of muscle. Fig. 6 reveals this feature more strikingly.
Retention of radioactivity in the carcass
The activity in the entire carcass is also plotted in Fig. 6 for 9 of the 12 animals where this procedure was carried out. It is pertinent to note the slope of the curve which rises steeply and linearly from the 6th hr to the 100th day and then flattens out into a plateau. Thus, the retained radioactivity in the carcass was seen to bear an inverse relationship to that in the whole body (compare the two graphs in Fig. 6 ). The carcass was found to constitute from 73 to 83% of the body weight of the monkey. Besides bone, muscle, and skin, the carcass also included most of the fibrous tissue in the body and many of the blood vessels and nerves, but these were not expected to affect significantly the pattern of discharge of "Mn from the carcass (see Fig. 9 for nerves).
DISCUSSION
The isotope used. 'MnCL was preferred in the investigation reported here as its relatively long half-life of nearly 300 days permitted this long-term experiment for 278 days. This was considered essential so as to be able to extrapolate our findings, though of course guardedly and to a limited extent, to the human problem of chronic manganese toxicity.
Blood. Borg and Cotzias (11) found that after intravenous injection of "Mn in human beings 70% of the normal manganese left the circulation each minute and the remainder was excreted more slowly. Mahoney and Sargent (12) observed that 80% or more of the radioactivity in man disappeared from the plasma as a simple exponential with a ti of between 1j and 5 min, with the remainder declining at a much slower rate. In our observations of the blood in all animals from the 2nd day on, two peaks of activity were observed at around the 15th and 70th day, respectively, after the intraperitoneal injection. The high dilution of initial blood radioactivity implies that it acts as a rapid transport medium from the peritoneum to the various organs and tissues. The two periods of peak activity are obviously a reflection of discharge from the organs at those times and indicate the dynamic flux of manganese between blood and tissues. Caudate nucleus * -* ----@ -" @ @ ' -----= n T h a l a m u s Fig. 4 ). Mahoney and Small (13) found radiomanganese rapidly clearing from the plasma and reappearing irreversibly bound to red cells with a maximum radioactivity in the blood 10-20 days after the injection. We do not have separate observations on the red blood cells. Individual organs. From these studies it is obvious that the most cellular organs, such as the endocrine glands, the liver, the kidney, and the constituents of the gastrointestinal system, showed the highest levels of specific activity, most of the viscera showed relatively less activity, the CNS still less, and the constituents of the carcass the lowest activity.
2 hr after tagging, radioactivity was located primarily in the cellular organs; whereas with passing time the CNS, endocrine glands, and to a lesser degree the carcass, especially the muscle, contained increasingly higher proportions of radiomanganese. Hence it appears that most viscera contained more readily dischargeable manganese than did the brain, the endocrines, or the carcass. While the carcass constituted 73-83% of the body weight WHOLE BODY radioactivity in the whole body and in the Note the great reduction in the retained dose of the whole monkey, it contained 17-53% of the retained activity in the whole body for a period up to 70 days. After the 100th day, the retained activity in the carcass was 75% of the dose retained in the whole body. Britton and Cotzias (14) also found that in mice injected with "Mn the radioactivity retained in the carcass ranged between 78 and 93% of the total. The falling trend of retained activity in the whole body could be a reflection of the trend in most organs but not in the constituents of the carcass or the CNS.
While the endocrine glands were not of direct interest to us in our present studies, it is interesting to note not only the very high specific activity of the suprarenal, thyroid, and pituitary glands, but also the very high relative retention of "Mn by these three glands. A comparison of Fig. 7 with Figs. 8 and 9 shows that even in the later stages of the experiment the relative retention in these glands is over 1.5 times as high as that in the CNS. The thyroid is particularly interesting in this respect, since it has been reported earlier (15) Tc"" is now widely used in the scanning of thyroid and brain along with other organs (16) .
All tissues in the monkey exhibited two peaks of activity at about the 7th and the 70th day corresponding to the 4th and the 13th day in the rat (8) , which suggests that there are two different pools or phases of activity. The curve for many organs could be resolved roughly into two exponential components, one slow and one fast, with varying half-times for different organs. However, for the CNS, thyroid, and muscle, only one discharge component could be calculated because there was a steady state of retention of manganese.
The brain appears to be peculiar in that it contains relatively little manganese normally (18) , but it has the property of retaining it for relatively long periods (up to 278 days) in amounts out of all proportion to 20' that retained by other organs. This confirms our earlier finding in the rat when the period of observation was 64 days (9) . We have been unable to find information on any other heavy metal being selectively retained in the brain. Walshe has never found any evidence for radiocopper, either 'Cu or 'Cu, in the brain in patients with Wilson's disease up to 2 wk after intravenous injection.
All the components of the nervous system were found to retain rather than to discharge the injected 'Mn, the nerves exhibiting the least radioactivity and the lentiform nucleus and the cerebellum showing relatively the highest values at all times. To the best of our knowledge, there has been no report of observations on the monkey with any isotope of manganese, which is designed to investigate localization of manganese in different parts of the CNS. In fact, as evidenced in our first paper, even when other isotopes have been used, the important question of (20) on human patients and healthy subjects could not include direct estimation of radioactivity in various body organs and parts of the brain as our study did, we feel that a selectively high retention of "Mn in the CNS could well be the basis of damage to the brain. The possibility thus remains (7) that the constant perfusion of the neurons with high levels of circulating manganese in the blood may lead to an irreversible and deleterious chemical change especially in intracellular micelles such as the mitochondria. It is of some relevance to mention here that the differential centrifugation of homogenates of the liver, white matter, grey matter, and the basal ganglia in the last two of our monkeys showed maxmium activity in the mitochondrial fraction and much less activity in the nuclear fraction and the supernate, respectively.
An alternate or additional mechanism for the selective damage to the brain might be the difference in rates of turnover of manganese in different organs, as suggested by Kato (22) The resistance of copper, for example, is only 10 microhm-cm even at 1000°C. Among the metals, manganese is reported to have the greatest electrical resistivity. At room temperature it is about 188 microhmcm (23) . Whether this high electrical resistivity of manganese is of any significance in the production of brain damage in chronic manganism is unknown at the present time but may be a subject of interesting study.
